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Copper  nitrate  hydrate  (Cu(N03)2-2.5H20)  exhibits  superior  high  lithium  storage  capacity  (2285  mAh  g 
-1)  as  anode  material  for  lithium-ion  batteries.  The  structural  transformation  and  lithium  storage 
mechanism  of  Cu(N03)2  -2.5H20  are  thoroughly  studied  by  various  advanced  analytical  techniques.  It  is 
found  that  the  lithium  storage  process  of  Cu(N03)2  -2.5H20  is  associated  with  a  quasi-reversible  elec¬ 
trochemical  conversion  reaction.  During  the  discharge  process,  the  electrochemical  reaction  of 
Cu(N03)2-2.5H20  with  lithium  results  in  the  formation  of  Cu,  LiN03,  Li3N,  Li20  and  H20.  In  the  reverse 
charge  process,  Cu(N03)2  can  be  generated  by  a  conversion  reaction.  As  a  result,  Cu(N03)2  -2.5H20  shows 
the  reversible  charge  capacities  of  1632.1  mAh  g-1  in  0.0-3.4  V  and  689.1  mAh  g-1  in  1.0-3.4  V, 
respectively. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  energy  storage  batteries  for  transportation  and 
communication  have  gradually  become  the  main  power  sources 
owing  to  global  energy  issues.  Among  these  rechargeable  energy 
storage  batteries,  lithium-ion  batteries  are  dominant  in  the  electric 
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vehicles  and  portable  electronics  market  for  their  advanced  char¬ 
acteristics,  such  as  high  energy  density  and  long  cycling  life  [1-4]. 
However,  anode  materials  have  been  focused  on  the  carbonaceous 
materials,  such  as  graphite  [5,6],  carbon  nanotube  [7,8],  since  the 
lithium-ion  batteries  were  developed  in  1991.  Nowadays,  these 
carbonaceous  materials  cannot  satisfy  the  demands  of  the  market. 
Therefore,  intensive  worldwide  attempts  have  been  done  to 
develop  novel  high  capacity  materials  to  take  place  of  carbonaceous 
materials  in  the  past  two  decades. 

According  to  the  previous  studies,  Cu-based  metal  oxides  and 
nitrides,  such  as  CuO  [9-11]  and  CU3N  12],  attract  intensive 
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attentions  from  researchers  all  over  the  world.  CuO  with  high 
theoretical  capacity  (670  mAh  g-1),  various  structural  patterns 
and  inexpensive  price  has  activated  lots  of  attentions  in  recent 
years.  CU3N,  which  exhibits  high  reversible  capacity  of 
1280  mAh  g_1,  good  cycle  life  and  excellent  rate  capability,  is 
also  examined  as  a  candidate  anode  material  for  rechargeable 
lithium-ion  batteries.  Whether  CuO,  Cu3N,  CuF2  or  CuCl2, 
their  lithium  storage  mechanisms  are  based  the  reversible 
conversion  reactions  between  LixM/Cu  and  Li/CuyMz  (M  =  O,  N, 
Cl,  F)  [9-14]. 

In  most  recent,  copper  nitrate  hydrate  (Cu(N03)2-xH20)  with 
high  specific  capacity  has  been  investigated  by  our  group  as  a  novel 
anode  material  for  lithium-ion  batteries  15].  It  is  found  that 
Cu(N03)2  xFI20  can  deliver  an  initial  discharge  capacity  higher  than 
2200  mAh  g_1.  This  superior  high  lithium  storage  capacity  is  much 
higher  than  all  the  ever  reported  transition  metal  oxides  and  ni¬ 
trides,  which  generally  show  the  initial  discharge  capacities  of 
1000-1500  mAh  g_1  as  anode  materials.  After  30  cycles,  a  large 
reversible  charge  capacity  of  597.6  mAh  g”1  can  be  maintained  for 
Cu(N03)2  xH20.  As  a  result,  Cu(N03)2-xH20  shows  outstanding 
potential  as  high  capacity  anode  material  for  lithium-ion  batteries. 
However,  the  structural  transformation  and  lithium  storage 
mechanism  of  high-capacity  Cu(N03)2-xH20  material  during 
charge-discharge  cycles  were  not  investigated.  To  inspire  the  re¬ 
searchers  to  develop  novel  high  capacity  anode  materials,  it  is 
necessary  to  discover  the  characteristics  of  superior  high  lithium 
storage  capability. 

In  this  paper,  the  structural  transformation  and  lithium  storage 
mechanism  of  high-capacity  Cu(N03)2-2.5H20  materials  are 
thoroughly  studied  by  ex-situ  X-ray  photoelectron  spectroscopy 
(XPS),  ex-situ  high-resolution  transmission  electron  microscopy 
(HRTEM),  ex-situ  selected-area  electron  diffraction  (SAED),  ex-situ 
Fourier  transform  infrared  spectroscopy  (FTIR)  techniques.  A  quasi- 
reversible  conversion  reaction  mechanism  between  Cu(N03)2-2.5 
H20  with  Li  is  discussed  and  proposed  for  the  first  time  in  this 
work. 

2.  Experimental 

For  being  as  active  material,  Cu(N03)2  -2.5H20  powder  (analyt¬ 
ical  grade,  Aladdin  Chemistry)  was  used  as  received  and  dried  at 
80  °C  under  vacuum  before  electrode  preparation.  The  slurry  for 
working  electrode  was  composed  of  Cu(N03)2  -2.5H20  powder  as 
active  material,  carbon  black  as  conductive  additive,  and  poly- 
vinylidene  fluoride  as  a  binder  with  a  weight  composition  of  4:1 :1 
in  N-methyl  pyrrolidinone  solvent.  Then  the  slurry  was  coated  on  a 
Cu-foil  current  collector  and  dried  at  80  °C  under  vacuum  for  12  h. 
Discs  with  a  diameter  of  15  mm  were  cut  and  used  as  working 
electrodes. 

The  simulated  Cu(N03)2-2.5H20/Li  cells  were  assembled  by 
using  Cu(N03)2-2.5H20  disc  as  working  electrode,  metal  lithium 
foil  as  counter  electrode,  Whatman  glass  fiber  as  separator  and 
1  mol  L-1  LiPF6  dissolved  in  ethylene  carbonate-dimethyl  car¬ 
bonate  (1:1  in  volume)  as  electrolyte.  All  the  Cu(N03)2-2.5H20/Li 
cells  were  assembled  in  an  argon-filled  glove  box  at  room 
temperature. 

The  charge-discharge  cycles  were  measured  by  a  constant- 
current  density  (50  mA  g-1)  on  multi-channel  Land  battery  test 
system.  X-ray  diffraction  (XRD)  pattern  of  Cu(N03)2-2.5H20  was 
collected  by  a  Bruker  D8  Focus  powder  X-ray  diffraction  instrument 
with  Cu  Ka  radiation.  SEM  image  was  achieved  by  a  Hitachi  S3400 
scanning  electron  microscopy.  XPS  investigation  was  measured  by  a 
focused  and  monochromatized  Al  Ka  radiation  with  a  Kratos  Axis 
Ultra  spectrometer.  The  structural  evolution  of  Cu(N03)2-2.5H20 
during  charge-discharge  cycles  was  directly  imaged  by  a  JEOL  JEM- 


Fig.  1.  (a)  XRD  pattern  and  corresponding  SEM  image  of  Cu(N03)2-2.5H20  powders, 
(b)  charge-discharge  curves  and  corresponding  cyclic  performance  of 
Cu(N03)2-2.5H20  in  0.0-3.4  V  and  (c)  charge-discharge  curves  and  corresponding 
cyclic  performance  of  Cu(N03)2-2.5H20  in  1.0-3.4  V. 
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2100  high-resolution  transmission  electron  microscopy.  The  sam¬ 
ples  for  SAED  and  HRTEM  analysis  were  washed  by  dimethyl  car¬ 
bonate  and  vacuumed  for  5  h  before  use. 

3.  Results  and  discussion 

The  XRD  pattern  and  SEM  image  of  Cu(N03)2-2.5H20  powder 
are  shown  in  Fig.  1(a).  Seen  from  the  XRD  pattern,  the  nine  stron¬ 
gest  diffraction  peaks  located  at  12.68°,  14.91°,  18.64°,  21.59°, 
21.90°,  24.13°,  26.15°,  30.23°  and  33.87°  are  well  consistent  with 
the  (102),  (-202),  (110),  (-112),  (112),  (310),  (-312),  (114)  and  (-602) 
lines  of  Cu(N03)2-2.5H20  in  JCPDS  card  No.  75-1493  (space  group: 
I2/c),  which  shows  the  high-degree  purity  of  active  material  for 
studying  its  structural  evolutions  during  lithiation-delithiation 
process.  The  surface  morphology  for  Cu(N03)2  -2.5H20  powder  can 
be  observed  as  the  SEM  image  shown  in  Fig.  1(a).  It  is  clear  that 
Cu(N03)2-2.5H20  particles  with  size  of  2-4  pm  aggregate  into 
bigger  secondary  blocks  with  size  of  20  pm. 

Fig.  1(b)  and  (c)  shows  the  first  three  charge-discharge  cycles 
and  corresponding  cycle  properties  of  Cu(N03)2-2.5H20  electrodes 
at  a  current  density  of  50  mA  g-1  in  0.0-3.4  V  and  1.0— 3.4  V, 
respectively.  Two  potential  plateaus  at  1.68  and  0.85  V  and  one 
slope  between  0.0  and  0.5  V  can  be  observed  in  the  initial  discharge 
process  as  shown  in  Fig  1(b).  This  electrochemical  behavior  is  quite 
different  from  that  of  CuO  [9-11  .  Based  on  the  former  research 
[13],  it  can  be  deduced  that  the  lithiation  plateau  at  1.68  V  is 
probable  associated  with  the  decomposition  of  Cu(N03)2-2.5H20 
into  Cu,  H20,  LiN03  and/or  Li3N  and  Li20,  and  the  potential  plateau 
at  0.85  V  can  be  ascribed  to  the  growth  of  solid  electrolyte  inter¬ 
phase  film  (SEI)  [16,17],  thus  leading  to  the  extra  capacity  and  high 
irreversible  capacity.  The  slope  between  0.0  and  0.5  V  is  partially 
related  to  the  formation  of  polymeric  film  13,14].  Besides,  this 
slope  is  also  associated  with  the  probable  further  decomposition  of 
LiN03  into  Li20  and  Li3N,  which  is  similar  to  the  electrochemical 
decomposition  of  Li2C03  and  LiOH  during  lithiation  process  [18- 
20]  In  the  reverse  charge  process,  only  one  long  delithiation 
plateau  at  2.82  V  can  be  observed  and  it  maintains  the  shape  and 
potential  in  the  following  cycles.  This  high  delithiation  potential 
may  be  associated  with  formation  of  nitrate  and  the  partial 
decomposition  of  polymeric  and  SEI  films.  During  the  second 
discharge  process,  one  long  and  flat  lithiation  plateau  appears  at 
0.80  V.  Moreover,  the  slope  between  0.0  and  0.8  V  is  kept.  As  a 
result,  the  discharge  capacity  decreases  from  2285.0  to 
1557.2  mAh  g-1.  It  suggests  that  the  first  lithiation-delithiation 
process  is  a  partially  reversible  electrochemical  reaction.  In 
contrast,  the  charge  capacity  only  reveals  slight  decrease  from 
1632.1  to  1468.8  mAh  g_1  in  the  initial  two  cycles.  It  indicates  that 
the  regenerated  nitrate  is  an  electrochemically  active  material. 
Upon  long-term  cycles,  the  charge  capacity  drops  dramatically 
from  1632.1  to  467.4  mAh  g”1  in  the  initial  15  cycles  in  the  working 
window  of  0.0-3.4  V  as  shown  in  Fig.  1(b).  The  poor  capacity 
retention  is  probably  attributed  to  the  repeated  formation/ 
decomposition  of  SEI  and  polymeric  films.  Through  suppressing  the 
effect  of  SEI  and  polymeric  films  with  higher  cutoff,  the  electro¬ 
chemical  behavior  of  Cu(N03)2-2.5H20  is  improved  between  1.0 
and  3.4  V  as  shown  in  Fig.  1(c).  Although  Cu(N03)2-2.5H20  shows 
relative  low  initial  discharge  and  charge  capacities  of  1260.4 
and  689.1  mAh  g-1,  the  reversible  discharge  and  charge  capacities 
can  be  maintained  at  456.9  and  451.4  mAh  g-1  after  15  cycles.  This 
result  demonstrates  that  high  irreversible  capacity  loss  and  poor 
cyclic  stability  are  mainly  owing  to  the  formation/decomposition 
of  SEI  and  polymeric  films  during  repeated  cycles.  Besides,  the 
existence  of  H20  from  irreversible  decomposition  of 
Cu(N03)2-2.5H20  also  has  adverse  effect  on  the  capacity  loss  and 
cycling  properties  [21]. 
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Fig.  2.  XPS  spectra  of  Cu  element  for  Cu(N03)2-2.5H20  sample  with  different  lithiated 
and  delithiated  states,  (a)  The  pristine  sample,  (b)  discharged  to  0.0  V  and  (c)  charged 
to  3.4  V. 
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As  a  novel  anode  material,  the  investigation  on  the  lithiation- 
delithiation  mechanism  of  Cu(N03)2-2.5H20  is  necessary  for 
improving  its  electrochemical  properties.  Normally,  the  structural 
transformation  of  Cu(N03)2-2.5H20  electrode  during  charge- 
discharge  cycle  can  be  tested  by  various  ex-situ  methods.  Here,  the 
lithium  storage  mechanism  of  Cu(N03)2-2.5H20  in  0.0-3.4  V  was 
investigated  by  ex-situ  XPS,  ex-situ  FTIR,  ex-situ  HRTEM  and  ex-situ 
SAED  techniques. 

To  avoid  the  effect  of  Cu,  the  powder  working  electrode  for  XPS 
observation  is  free  of  Cu  current  collector.  It  consists  of 
Cu(N03)2-2.5H20  and  carbon  black  with  a  weight  ratio  of  4:1.  To 
keep  the  structure  of  electrode,  the  samples  are  directly  used  for 
analysis  without  washing  by  dimethyl  carbonate.  The  XPS  spectra 
of  Cu  and  N  elements  in  different  lithiated  and  delithiated  states 
during  the  first  cycle  are  shown  in  Figs.  2  and  3,  respectively. 
Fig.  3(a)  displays  the  feactured  Cu2+  (2p3/2)  and  Cu2+  (2pi/2)  peaks 
from  pristine  sample  at  933.5  and  953.5  eV,  respectively,  based  on 
the  Handbook  of  X-Ray  Photoelectron  Spectroscopy  [22].  Moreover, 
two  satellite  peaks  for  Cu2+  can  be  observed  at  941.0  and  961.1  eV. 
The  N  1  s  peak  (N5+)  at  407.2  eV  in  Fig.  3(a)  can  be  attributed  to  NOT 
group  in  Cu(N03)2-2.5H20  [23]. 

After  a  discharge  process  to  0.0  V,  Cu°  (2p3/2)  and  Cu°  (2pi/2)  can 
be  respectively  detected  at  932.3  and  952.1  eV  as  shown  in  Fig.  2(b) 
[22].  That  shows  the  transformation  from  Cu2+  to  Cu°  during  the 
first  discharge  process.  However,  Cu2+  featured  peaks  (934.0  and 
954.1  eV)  can  still  be  observed,  which  is  due  to  some  unreacted 
active  materials  existing  in  this  special  Cu-foil  free  thick  powder 
electrode  (35  mg)  for  XPS  observation.  Furthermore,  massive 
changes  can  be  observed  with  the  N  element  after  a  discharge 
process  to  0.0  V  as  shown  in  Fig.  3(b).  The  N5+  in  NO3  group  was 
partially  converted  into  N3^  for  the  appearance  of  the  feactured 
peaks  at  398.2  and  402.7  eV,  indicating  the  generation  of  Li3N  [22]. 
Besides,  a  slight  change  for  N5+  from  407.2  to  406.5  eV  during  the 
first  discharge  process,  indicating  the  conversion  generation  of 
LiN03  from  Cu(N03)2  -2.5H20.  The  formation  of  lithiated  products  is 
also  confirmed  by  the  appearance  of  Li  1  s  peak  at  54.9  eV  as  shown 
in  Fig.  SI  (Supplementary  Materials).  No  characteristic  peaks  of  N02 
group  can  be  detected  in  Fig.  2(b),  suggesting  the  impossible 
appearance  of  the  reduction  transformation  from  NO3  to  N02 
during  the  first  discharge  process. 

With  a  reverse  charge  to  3.4  V,  Cu°  peaks  totally  disappear  and 
Cu2+  peaks  become  strong  again,  indicating  Cu°  absolutely  trans¬ 
forms  into  Cu2+  in  the  delithiation  process  as  shown  in  Fig.  2(c).  In 
the  charging  process,  the  featured  peak  of  N3-  at  402.8  eV  in 
Fig.  3(c)  becomes  weak  but  does  not  disappear,  and  the  N5+  peak 
(407.2  eV)  in  NO3  become  strong  again,  indicating  the  partial 
decomposition  of  L^N  and  the  regeneration  of  NO3 .  This  phe¬ 
nomenon  is  in  accordance  with  the  observed  result  of  ex-situ  FTIR 
analysis  as  shown  in  Fig.  S3  (Supplementary  Materials).  It  shows 
the  existence  of  NO3  group  and  its  partially  reversible  intensity 
change  during  charge-discharge  process.  It  also  suggests  that  the 
electrochemical  reaction  between  Cu(N03)2-2.5H20  with  Li  is  a 
partially  reversible  process. 

In  order  to  further  confirm  the  lithiated  and  delithiated  prod¬ 
ucts,  ex-situ  SAED  and  HRTEM  techniques  were  used  to  identify  the 
phases  generated  during  discharge-charge  process.  The  test  results 
of  ex-situ  SAED  and  HRTEM  observation  for  lithiated 
Cu(N03)2-2.5H20  sample  can  be  observed  in  Fig.  4.  As  the  HRTEM 
images  depicted  in  Fig.  4(a)  and  (b),  lithiated  Cu(N03)2-2.5H20 
sample  shows  the  random  orientation  of  nanocrystals  enwrapped 
by  amorphous  carbon  black.  It  can  be  clearly  observed  that  many 
small  ordered  domains  are  dispersed  in  the  carbon  matrix.  The 
characteristic  distances  of  ordered  domains  are  5.930,  3.182,  2.120 
and  3.630  A  in  Fig.  4(a)  which  are  close  to  the  interplanar  distances 
of  (-202),  (100),  (111)  and  (012)  planes,  representing 
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Fig.  3.  XPS  spectra  of  N  element  for  Cu(N03)2-2.5H20  sample  with  different  lithiated 
and  delithiated  states,  (a)  The  pristine  sample,  (b)  discharged  to  0.0  V  and  (c)  charged 
to  3.4  V. 
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(  006)  UNO,  (331)  UO 

(lH)Cu  Cu(N03)2-2.5H20 


Fig.  4.  (a,  b)  HRTEM  images,  (c,  d)  corresponding  SAED  patterns  and  (e,  f)  low-resolution  TEM  patterns  of  lithiated  Cu(N03)2-2.5H20  sample  after  a  discharge  process  to  0.0  V. 


Cu(N03)2-2.5H20  (JCPDS  card  No.  75-1493),  Li3N  (JCPDS  card  No. 
76-0822),  Cu  (JCPDS  card  No.  85-1326)  and  LiN03  (JCPDS  card  No. 
08-0466),  respectively.  Moreover,  different  ordered  domains  can  be 
observed  by  HRTEM  as  shown  in  Fig.  4(b).  The  distances  between 
two  lattice  fringes  in  four  different  regions  are  2.479,  2.150,  2.708 
and  5.940  A  corresponding  to  the  (006)  plane  of  LiN03,  (111)  plane 
of  Cu,  (111)  plane  of  Li20  (JCPDS  card  No.  77-2144)  and  (-202)  plane 
of  Cu(N03)2  •  2.5H20.  The  SAED  pattern  of  the  lithiated  electrode  in 
Fig.  4(c)  reveals  a  series  of  rings  with  corresponding  interplanar 
distances  of  1.552,  2.047,  2.453,  2.749  and  3.268  A  which  can 
respectively  be  assigned  to  the  (028)  plane  of  Cu(N03)2-2.5H20, 
(111 )  plane  of  Cu,  (006)  plane  of  LiN03,  (111 )  plane  of  Li20  and  (100) 
plane  of  Li3N.  Fig.  4(d)  also  shows  another  reflections  of  SAED 


pattern,  in  which  the  interplanar  distances  are  1.084, 1.567, 1.777, 
2.137  and  2.488  A  corresponding  to  the  (331)  plane  of  Li20,  (820) 
plane  of  Cu(N03)2-2.5H20,  (110)  plane  of  Li3N,  (111)  plane  of  Cu 
and  (006)  plane  of  LiN03.  Here,  the  identification  of  Li3N,  Cu, 
LiN03  and  Li20  in  HRTEM  and  SAED  observation  is  in  accordance 
with  the  analytical  result  of  XPS  technique.  The  existence  of 
Cu(N03)2-2.5H20  during  HRTEM  and  SAED  observation  is 
contributed  to  some  unreacted  particles  in  the  huge  powder  elec¬ 
trode  used  in  the  experiment  during  the  charge-discharge  cycles. 
Besides,  the  appearance  of  amorphous  film  in  Fig.  4(e)  and  (f)  is 
associated  to  the  formation  of  thick  polymeric  and  SEI  films  [13,14]. 

Fig.  5  shows  the  HRTEM  and  SEAD  images  of  delithiated 
Cu(N03)2-2.5H20  sample  after  a  reverse  charge  to  3.4  V.  It  can  be 
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Fig.  5.  (a,  b)  HRTEM  images,  (c,  d)  corresponding  SAED  patterns  and  (e,  f)  low-resolution  TEM  patterns  of  delithiated  Cu(N03)2-2.5H20  sample  after  a  charge  process  to  3.4  V. 


clearly  observed  that  only  two  kinds  of  interplanar  distances 
(3.102  and  2.446  A)  are  detected  in  Fig.  5(a),  which  are  respec¬ 
tively  ascribed  to  the  (100)  plane  of  U3N  and  (024)  plane  of 
Cu(N03)2  (JCPDS  card  No.  87-1663).  Same  interplanar  distances 
can  be  observed  in  Fig.  5(b)  which  are  consistent  with  the  results 
of  XPS  analysis  in  Figs.  3  and  4,  showing  only  Cu2+  is  detected  for 
Cu  element  and  partial  N3-  still  exist  after  initial  charge  process. 
Besides,  UNO3  and  CuO  also  can  be  observed  in  Fig.  5(c)  and  (d), 
corresponding  to  two  ring  patterns  of  the  (200)  plane  of  UNO3  and 
(111)  plane  of  CuO  (JCPDS  card  No.  80-1917).  This  result  confirms 
that  some  UNO3  lose  their  electrochemical  activity  and  remain  in 
the  electrode  during  the  delithiation  process.  Furthermore,  the 
feactured  ring  for  CuO  is  very  weak,  indicating  trace  Li20  and  Cu 
transform  into  CuO  during  the  delithiation  process.  Viewed  from 


Fig.  5(c)  and  (d),  other  ring  patterns  can  be  contributed  to  the 
(118),  (024)  and  (025)  planes  of  Cu(N03)2,  (100)  and  (112)  planes 
of  Li3N,  (025)  plane  of  Cu(N03)2,  (112)  and  (110)  planes  of  Li3N.  It 
suggests  that  the  lithiated  products  can  be  quasi-reversibly  con¬ 
verted  into  Cu(N03)2  after  a  charge  process  to  3.4  V.  As  a  result, 
regenerated  secondary  particles  can  be  observed  in  Fig.  5(e)  and 
(f).  Cu(N03)2  reveals  a  long  and  flat  lithiation  plateau  at  0.80  V, 
which  is  quite  different  from  the  electrochemical  behavior  of  Q13N 
[12],  CuO  [9-11,24,25]  and  Cu20  [26,27].  Notably,  an  unknown 
ring  pattern  (about  2.736  A)  is  also  detected  in  Fig.  5(d)  that  may 
be  the  featured  interplanar  distance  of  copper  nitrides,  such  as 
Cu3N2.  As  the  above  analysis,  the  main  structural  evolution  of 
Cu(N03)2-2.5IT20  for  the  first  lithiation  and  delithiation  process 
can  be  expressed  as  follows: 
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Cu(N03)2-2.5H20  +  (18  -  8x)Li+  +  (18  -  8x)e-'^SeCu 
+  xLiN03  +  (2  -  x)Li3N  +  (6  -  3x)Li20  +  2.5H20  (1 ) 

yli+  +  ye-  +  electrolyteD'scharg>eSEI  (2) 

Cu  +  xLiN03  +  (2  -  x)Li3N  +  (6  -  3x)Li20C-^eCu(N03)2 
+  (18  -  8x)Li+  +  (18  -  8x)e~  (3) 

Besides,  the  appearance  of  weak  CuO  ring  and  unknown  pattern 
in  Fig.  5(d)  suggests  the  probable  formation  of  copper  oxides  and 
nitrides  during  the  charge  process.  However,  the  disappearance  of 
characteristic  electrochemical  behaviors  of  copper  oxides  and  ni¬ 
trides  in  Fig.  1  indicates  that  most  Cu°  transform  into  Cu(N03)2  and 
trace  Cu°  may  be  ascribed  to  the  generation  of  CuO  and  CU3N2 
during  the  charge  process. 

Li20  +  CuC— eCuO  +  2Li+  +  2e~  (4) 

2Li3N  +  3CuC-^eCu3N2  +  6Li+  +  6e  (5) 


4.  Conclusions 

In  this  paper,  the  structural  transformation  of  Cu(N03)2  -2.5H20 
anode  material  was  studied  by  ex-situ  XPS,  FTIR,  HRTEM  and  SAED 
techniques.  A  probable  lithiation-delithiation  mechanism  of 
Cu(N03)2-2.5H20  is  proposed  according  to  the  observations.  The 
investigation  results  show  that  the  generation  of  Cu,  U3N,  LiN03 
and  L^O  after  discharge  to  0.0  V  is  contributed  to  the  lithiation 
plateaus  and  slopes  in  the  first  discharge  process.  The  long  deli- 
thiation  plateau  at  2.82  V  in  the  first  charge  process  is  mainly 
assigned  to  the  generation  of  Cu(N03)2.  Moreover,  trace  other  Cu- 
based  compounds,  such  as  CuO  and  CU3N2,  can  be  observed  indi¬ 
cating  partial  U2O  and  U3N  transform  into  CuO  and  CU3N2  after  a 
reverse  charge  to  3.4  V.  Thus,  quasi-reversible  conversion  reaction 
between  Cu(N03)2-2.5H20  and  Li  is  responsible  for  the  superior 
high  lithium  storage  capacity  of  2285.0  mAh  g-1  and  lithium 
release  capacity  of  1632.1  mAh  g_1. 
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